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Many-body physics describes phenomena
which cannot be understood looking at a systems’
constituents alone [1]. Striking manifestations
are broken symmetry, phase transitions, and col-
lective excitations [2]. Understanding how such
collective behaviour emerges when assembling a
system from individual particles has been a vi-
sion in atomic, nuclear, and solid-state physics
for decades [3–6]. Here, we observe the few-body
precursor of a quantum phase transition from a
normal to a superfluid phase. The transition is
signalled by the softening of the mode associated
with amplitude vibrations of the order parameter,
commonly referred to as a Higgs mode [7]. We
achieve exquisite control over ultracold fermions
confined to two-dimensional harmonic potentials
and prepare closed-shell configurations of 2, 6 and
12 fermionic atoms in the ground state with high
fidelity. Spectroscopy is then performed on our
mesoscopic system while tuning the pair energy
from zero to being larger than the shell spacing.
Using full atom counting statistics, we find the
lowest resonance to consist of coherently excited
pairs only. The distinct non-monotonic interac-
tion dependence of this many-body excitation as
well as comparison with numerical calculations al-
lows us to identify it as the precursor of the Higgs
mode. Our atomic simulator opens new pathways
to systematically unravel the emergence of col-
lective phenomena and the thermodynamic limit
particle by particle.
INTRODUCTION
A key element of our understanding of nature is that
macroscopic systems are characterized by the presence
of phase transitions and collective modes, which cannot
be extrapolated from the two-body solution [1]. While
these effects in principle only exist in the thermody-
namic limit, they are sometimes observed in surprisingly
small systems. For instance, atomic nuclei consisting of
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FIG. 1. Deterministic preparation of two-dimensional
closed-shell configurations. a Sketch of the experimental
setup. The fermionic atoms are trapped in a single layer of
an attractive optical lattice (horizontal disc) providing a tight
confinement that freezes out motion along the z-direction. A
superimposed tightly focused optical tweezer (vertical cone)
provides radial harmonic confinement. b Mean trapped atom
number as function of the final depth of the optical tweezer.
The stable atom numbers of 2,6 and 12 correspond to the
closed-shell configurations of the two-dimensional harmonic
oscillator. The third plateau lies slightly below the expected
value due to the presence of holes in the third shell. The
insets show sketches of the corresponding atom distribution.
The standard error of the mean is indicated by the width of
the band connecting the points. c Standard deviation of the
detected atom number. At trap depths where the atom num-
ber reaches a plateau fluctuations are suppressed indicating
the deterministic preparation of closed-shells of atoms.
only around 50 particles exhibit a collective mode spec-
trum consistent with a superfluid [3, 6]. In liquid helium
droplets superfluidity has been found to set in for similar
particle numbers [4]. Ultracold atoms offer the excit-
ing possibility to study the onset of many-body physics
in systems with full tunability of interactions, particle
number, and single-particle spectra [8]. The emergence
of a Fermi sea was observed in a one-dimensional trap
in Ref. [5]. Two- and three-dimensional systems promise
even richer physics such as quantum phase transitions
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2and symmetry breaking, as well as degenerate energy lev-
els and single-particle spectra akin to the shell structure
of atoms and nuclei.
In this work, we observe the few-body precursor of a
quantum phase transition. The measurement relies on
our experimental breakthrough in the preparation of a
tunable number of fermionic atoms in the ground state
of a two-dimensional (2D) harmonic potential. We study
the interplay of the shell structure and Pauli blocking
with the attractive interactions for closed-shell configu-
rations. The competition of the gapped single-particle
spectrum – given by the confinement – with the inter-
actions gives rise to particular excitations exhibiting a
non-trivial dependence on the attraction. We study this
dependence and demonstrate that the modes consist of
coherent excitations of particle pairs. Combined with a
careful comparison to numerical calculations, this allows
us to identify these excitations as few-body precursors of
a Higgs mode associated with a quantum phase transi-
tion to a superfluid of Cooper pairs [9, 10]. Comparing
measured spectra for different atom numbers allows us to
observe the approach towards the thermodynamic limit.
In the many-body limit, a Higgs mode has been observed
in cold atom, superconducting and ferromagnetic systems
[11–18]. Our results pioneer the study of emergent quan-
tum phase transitions and the associated Higgs mode
starting from a few-body system.
EXPERIMENTAL SETUP
We perform our experiments with a balanced mixture
of two hyperfine states of 6Li confined in a trap created by
the superposition of an optical tweezer (OT) and a single
layer of an optical lattice (see Fig. 1 a). The radial trap-
ping frequencies of fr ≈ 1000 Hz are significantly smaller
than the axial frequency fz ≈ 6800 Hz. Hence, for low
temperatures and only a few occupied shells, the sam-
ple is in the quasi-2D regime and the dynamics along the
third direction is frozen out. We prepare the ground state
of up to 12 atoms in this trap by applying a novel spilling
technique for quasi-2D systems based on the method in
Ref. [19]. A magnetic field gradient is applied and the
power of the OT lowered such that only the lowest states
inside the trap remain bound. This removes atoms ini-
tially occupying higher energy trap levels and the min-
imal power of the OT determines the initialized atom
number. The degeneracy of the 2D harmonic oscillator is
k + 1 for the kth energy level resulting in the emergence
of shells. The lowest three closed-shell configurations,
i.e. where all states up to some energy are occupied and
all other states are empty, contain 1, 3 and 6 fermions
per spin state, respectively. Working with two hyper-
fine states, we expect closed-shell configurations of 2, 6
and 12 atoms. In the experiment, we observe plateaus
for these ’magic’ numbers as a function of the OT depth
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FIG. 2. Excitation spectrum for 6 particles. Modulating
the interaction strength at a frequency close to twice the ra-
dial trap frequency fr leads to excitations of pairs (a) and sin-
gle particles (b). We start with 6 atoms in the ground state,
modulate the interaction at different frequencies and count
the number of atoms remaining in the lowest two shells. The
probability for detecting N remaining atoms as a function of
the modulation frequency is shown in (c). We observe the
lowest resonance at 1890 Hz below twice the trap frequency,
indicating mode softening. Remarkably, only the probability
of detecting 4 atoms is increased, showing that this resonance
consists of coherent superposition of pair excitations. The
second resonance at 2060 Hz lies above twice the trap fre-
quency consistent with a mean-field estimate. It is composed
of single-particle excitations, as the probabilities for detecting
both 4 and 5 atoms are enhanced.
(Fig. 1 b). The increased stability of the closed shells is
also visible in the atom number fluctuations, which are
strongly suppressed for closed-shell configurations (Fig.
1 c). An optimized sequence gives preparation fidelities
of 97±2 %, 93±3 % and 76±2 %, for 2, 6 and 12 atoms re-
spectively. The deterministic loading of the ground state
in two-dimensional systems is the first main result of our
work and opens new prospects for quantum simulation
with ultracold atoms. More details on the experimental
procedure are provided in the Methods section [10].
The closed-shell configurations are an interesting starting
point to introduce interactions: While a gapless Fermi
gas at zero temperature undergoes a phase transition
from normal to superfluid at any attraction, a gap in the
single-particle spectrum gives rise to a quantum phase
transition from a normal to a superfluid phase at a cer-
tain critical interaction strength [20, 21]. For the 2D har-
monic oscillator, this means that for partly filled (open)
3shells this system will pair for arbitrarily weak attraction,
whereas for completely filled (closed) shells and weak
attraction the system is dominated by the energy gap
to empty shells and pairing is suppressed. Rich physics
thus arises from the competition of interactions with the
single-particle shell structure [7, 9, 22–24]. Experimen-
tally, we tune and control the interactions using a Fes-
hbach resonance [25]. Because the experiment is per-
formed in a quasi-2D geometry there exists a two-body
bound state for any attractive contact interaction. The
binding energy EB of the pair uniquely characterizes the
interaction strength [26].
EXCITATION SPECTRA
We utilize many-body spectroscopy to probe the effect
of interactions on closed-shell configurations. The sys-
tem is excited by modulating the axial confinement at
frequencies far below the bandgap of the lattice, which
only modulates the effective two-dimensional interaction
strength between the different hyperfine states [10, 27].
This interaction perturbation couples strongly to collec-
tive excitations driven by pairing correlations [9]. After
modulation, all atoms excited to higher lying states are
removed by a second spilling procedure and we count the
remaining atoms. Repeating this procedure for different
excitation frequencies gives the spectrum shown in Fig.
2 (c).
The full counting statistics does not only contain the
resonance positions, but also reveals the difference be-
tween pair and single-particle excitations. The spectrum
shows two resonances, where the probability of detecting
6 atoms is significantly reduced. The higher resonance
at 2060 Hz lies above twice the noninteracting trap fre-
quency 2fr ≈ 2000 Hz. This is consistent with an attrac-
tive mean-field potential from the atom cloud, which in-
creases the effective trapping frequency. The mean-field
energy is proportional to the atom density, thus predict-
ing a larger interaction shift for the ground than for the
more dilute excited state. This higher resonance consists
of single-particle excitations two shells up in energy. For
the chosen drive strength and time there is a significant
probability of exciting the system more than once. This
explains the enhanced probabilities for detecting 4 and 5
atoms.
Mean-field theory however completely fails to explain the
lower resonance at 1890 Hz, below twice the noninter-
acting trap frequency. Furthermore, the observed atom
number distribution is strikingly different. Here only the
probability of detecting 4 atoms is enhanced while all
other probabilities are flat. Thus, at this frequency it
is only possible to excite a single pair of atoms and not
individual atoms or two pairs. Both the energy and the
atom number distribution are clear signatures of the col-
lective nature of this excitation arising from the compe-
tition between the single-particle gap and the attractive
interactions. The spectrum is obtained for a binding en-
ergy of EB = 0.33hfr, which is smaller than the single-
particle gap and pairing is suppressed for closed shells
due to Pauli blocking. However, by exciting a coherent
superposition of particle pairs from the completely filled
shell the remaining atoms can enhance their overlap by
occupying the now empty states and thereby gain pairing
energy. The excited particles form a pair in the other-
wise empty shell and have a lower energy compared to
two noninteracting particles in the same shell. Thus, the
pair excitation lies below twice the trap frequency.
Next, we investigate the competition between pairing and
the shell structure in more detail by tuning their relative
strength using a Feshbach resonance. The spectrum for
different binding energies shown in Fig. 3 (a) allows us to
track the evolution of the different excitations discussed
above. The branch highest in energy shows a monotonous
increase of frequency with interaction, as expected, from
the increasing mean-field shift. Remarkably, the lower
two branches show a non-monotonic behaviour. As we
shall discuss in detail below, they correspond to coher-
ent excitations of pairs with angular momentum 0 and
±2 ~. For small interactions the energy of these excita-
tions decreases with increasing attraction. This is due
to the increasing gain in binding energy and the larger
pair correlations in the excited state. This picture breaks
down above an interaction strength of EB ≈ 1.1hfr where
the lower mode energies start to increase with the attrac-
tion. In this regime the binding energy is comparable to
the radial trap frequency and pairing becomes important
also for the closed-shell ground state. Here, it is ener-
getically favourable to have an admixture of higher lying
harmonic oscillator levels to form a pair. Consequently,
the ground state has significant pairing correlations and
its energy decreases faster than that of the excited states.
We identify the position of the minimal excitation gap
with the critical interaction strength.
To study the scaling of the spectrum towards the many-
body limit, we fill one more shell in our trap, working
with 12 particles. The corresponding excitation spec-
trum is shown in Fig. 3 (b). Qualitatively the spectra
for N = 12 and 6 show the same features. For the larger
system the number of states that are shifted upwards
in energy above 2hfr increases, rendering it impossible
to resolve a single well-defined excitation peak. Impor-
tantly, the minima of the pair excitation branches below
2hfr deepen and move to smaller interaction strengths
for larger particle numbers, as evident form the resonance
positions shown in Fig. 3 (c).
Crucially, the qualitative behaviour of this spectrum can
be understood from many-body theory. In the thermo-
dynamic limit, a closed-shell system undergoes a quan-
tum phase transition from a normal to a superfluid phase
with increasing attraction [7, 28]. As a generic feature of
quantum phase transitions [2], this gives rise to a collec-
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FIG. 3. Excitation spectra as function of interaction strength for 6 (a) and 12 (b) particles. We show the probability
of exciting a pair of particles PN−2 divided by the probability of retaining the initial particle number PN normalized to the
maximum of the lower pair excitation for each interaction strength. The system is excited by modulating the interaction
strength for a fixed time for all interactions except for the spectra shown for EB = 0, where the system is excited by modulating
the radial trapping potential and where we show the normalized excitation probability 1− PN . The resonance position for the
lowest three excitations shown in (c) are extracted by Gaussian fits to the respective spectra. The error bars extracted from
the fit are smaller than the symbol size. Comparing the data for 6 and 12 atoms we observe a deepening of the minimum of
the pair excitation mode with particle number as expected for the transition to the many-body limit. Moreover, the position
of the minimum shifts to smaller interaction strength for more particles. The full counting statistics for (a) and (b) are shown
in Extended Data Fig. 4 and 5. The inset of (c) sketches the approach of the pair excitation (Higgs mode) in blue towards the
many-body limit (black), upon increasing the particle number as discussed in Ref. [9]. We scale the attraction by the critical
attraction to compare to the thermodynamic limit.
tive mode that goes soft at the transition point. In the
case at hand, the lowest collective mode corresponds to
the coherent excitations of time-reversed pairs across the
gap. The energy cost of these excitations vanishes at the
transition point reflecting that the system spontaneously
forms Cooper pairs. From a broken symmetry perspec-
tive, the mode corresponds to amplitude vibrations in the
order parameter (pairing strength) around its average
value, which is zero/non-zero in the normal/superfluid
phase. In the superfluid phase this mode is referred to as
the Higgs mode.
The pair excitation modes we observe in the experiment
are the few-body precursors of the Higgs mode [9]: Due to
the finite particle number, the phase transition is broad-
ened to a crossover and the gap does not close com-
pletely. However, the lowest excitation corresponding to
zero angular momentum retains the non-monotonic de-
pendence on interactions and the pair correlation char-
acter. Adding more particles to the system decreases
the minimal gap, consistent with an eventual complete
gap closing in the many-body limit. When the Fermi
energy increases, the relative importance of the single-
particle gap decreases, and the minimal gap moves to-
wards smaller binding energies. Both the softening of
the mode and the shift to smaller critical binding energies
when approaching the many-body limit are clearly visible
when going from two to three closed shells. This interpre-
tation is explicitly confirmed by comparing to a numer-
ical diagonalisation of the microscopic Hamiltonian [10].
The higher non-monotonic branch in fact corresponds to
two nearly degenerate modes consisting of coherent ex-
citations of pairs with angular momentum ±2 ~. They
are precursors of Higgs modes of a superfluid with higher
angular momentum Cooper pairs. Although modulating
the interaction strength does not add angular momen-
tum, these modes are visible due to a slight breaking of
the circular symmetry of the trap [10].
COHERENT DRIVE
At all interaction strengths shown in Fig. 3 the Higgs
mode is a well-defined excitation: The line width is on
the order of 10 Hz and thus much smaller than the exci-
tation energy. To probe the stability of the excited state
we drive the 6 particle system for variable times at the
frequency of the lower pair excitation mode. We observe
oscillations between the probability of detecting 4 and 6
particles in the lowest two shells indicating the coherent
formation and destruction of a pair in the excited shell
at a Rabi rate of 8.0± 0.1 Hz. The 1/e decay rate of the
oscillation of 4.5±0.5 Hz gives a quantitative upper limit
on the lifetime of the Higgs mode, exceeding the transi-
tion frequency of 1480 Hz by a factor of more than 300.
This long lifetime of the excited state can be attributed
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FIG. 4. Coherent driving of the lower Higgs mode.
The interactions are modulated at the resonance frequency of
the lower Higgs mode for variable times. The probabilities for
4 and 6 particles coherently oscillate out of phase showing the
pair character of the excitation. Coupling to other states is
negligible as seen from the almost constant value of PN=4 +
PN=6 and the fact that PN=4 and PN=6 converge to the same
value. Thus, the ground state plus the lower Higgs mode can
be described as a coherently driven two-state system. We fit
PN=6 with an exponentially damped Rabi oscillation. The
data is taken for EB = 0.57hfr. The error bars represent the
standard error.
to the discrete level spectrum of our trap, limiting the
possible decay channels [7].
CONCLUSION AND OUTLOOK
In conclusion, we have shown that systems consisting
of only a few particles exhibit precursors of a quantum
phase transition to a superfluid phase with an associated
Higgs mode present in the thermodynamic limit. In ad-
dition to the emergence of pairing, the achieved degree
of control over this mesoscopic system will allow us to
study thermalisation in isolated quantum systems [29]
and fermionic superfluidity at its fundamental level. As
a next step, we will to go beyond the excitation spectrum
studied here and investigate the emergence of pair corre-
lations across the precursor of the normal- to superfluid
transition directly in momentum space. Scaling up the
system will allow us to observe the emergence of Cooper
pairs and the Goldstone mode, which requires the pair
size to be much smaller than the system size [28].
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7METHODS
Experimental sequence The experimental se-
quence starts by transferring a gas of 6Li atoms from a
magneto-optical trap (MOT) into a red-detuned crossed-
beam optical dipole trap. Here, we make use of radio
frequency pulse sequences to prepare a balanced mixture
of the two hyperfine states |1〉 and |3〉 of the ground state
of 6Li. We label the hyperfine states according to their
energy from lowest (|1〉) to highest (|6〉).
After a first evaporative cooling stage in the crossed-
beam optical dipole trap we transfer approximately 1000
atoms into a tightly focused optical tweezer (OT). In the
OT quantum degeneracy is reached by spilling to around
20 atoms close to the ground state of the approximately
harmonic confinement by the procedure described in Ref.
[19]. Subsequently, we begin the crossover to a quasi-2D
system (see Extended Data Fig. 1). This is achieved
with an adiabatic transfer of the atoms from the effec-
tive confinement of the OT alone with fr : fz ≈ 5 : 1
to fr : fz ≈ 1 : 7 in a combined potential of OT and a
single layer of a one-dimensional optical lattice. To this
end, we lower the radial trap frequency fr of the OT from
approximately 20 kHz to 1 kHz. This is done by ramping
the pattern displayed on a Spatial Light Modulator in
20 ms, which changes the aperture of the optical setup
creating the OT. This changes the waist of the OT from
≈ 1µm to ≈ 5µm. The transfer is performed at a mag-
netic field of 750 G to have sizeable coupling between the
different states. The axial confinement is solely defined
by the optical lattice with fz ≈ 6.8 kHz. The measure-
ments with 6 atoms were performed at a final radial trap
frequency of fr = 1001 Hz while the 12 atom data were
taken at fr = 992 Hz.
In the combined trap we create closed-shell configura-
tions of the quasi-2D harmonic oscillator, by applying a
magnetic gradient of approximately 70 G/cm in axial di-
rection and reducing the power of the OT such that only
the lowest one to three energy shells remain bound. The
spilling procedure is performed at 750G, where the inter-
action energy is sufficiently small such that one recovers
the noninteracting shell structure. After preparation, we
increase the OT power back up until we recover the trap
frequencies and aspect ratio discussed in the main text.
The measurements of the excitation spectrum are per-
formed by a sinusoidal modulation of the power of either
the OT or of the optical lattice with frequency fex for
t = 400 ms. To detect excitations we implement a final
spilling stage after which we transfer all the remaining
trapped atoms from the OT back into the MOT. In the
MOT we are able to determine the total atom number in
both spin states with a fidelity exceeding 99 %. The lat-
ter is achieved by integrating the total fluorescence signal
of the MOT for one second on a CCD camera. Excita-
tions of the system show up by a reduced atom number
compared to the closed-shell ground states of two, six or
twelve atoms.
Experimental Parameters To compute the bind-
ing energy EB, we use the exact analytical solution of the
Schro¨dinger equation for two ultracold atoms confined
in an axially symmetric harmonic potential provided by
[27]. The solution depends on three parameters: the 3D
s-wave scattering length a3D and the trap frequencies in
radial (fr) and axial (fz) direction. The scattering length
is set via the magnetic offset field B by making use of the
Feshbach resonance of the |1〉 - |3〉mixture at B0 = 690 G
[25]. To verify the accuracy of the calculated value for
the binding energy EB, we compare the analytical result
for the excitation energy of the two-body problem to the
spectrum measured for two atoms (see Extended Data
Fig. 2).
The trap frequencies are determined using the same se-
quence as explained above. The only difference is that
the system is excited by modulating the confinement at
a magnetic field of B = 568 G, i.e. at the zero crossing
of the scattering length. In the noninteracting system
the lowest monopole excitation is at f = 2fr(2fz), for
radial (axial) excitations. This allows us to extract the
frequencies by modulating the harmonic confinement in
the respective directions. The measurements for fr for
six and twelve atoms are shown at EB = 0 in Fig. 3 (a)
and (b) of the main text. For the axial direction we find
fz = 6803± 2 Hz.
Different Modulation Schemes As discussed in
the previous section, there are two different schemes that
we use to drive excitations above the closed-shell ground
state. All the data shown in the main text, except the
spectra taken at EB = 0, are recorded by modulating
the optical lattice. Since, we modulate the depth of the
axial confinement at frequencies well below its band gap,
this does not create excitations along this tightly con-
fined direction. The wave function adiabatically follows
the potential change and is compressed periodically. The
effective 2D interaction is obtained by integrating out
the wave function along the third direction. Thus this
effectively only modulates the two-dimensional binding
energy. The strength of the modulation corresponds to a
change of EB by approximately 2%.
For reference, we compare the modulation of the radial
trapping potential with the modulation of interactions at
300G. We find that both schemes lead to different rela-
tive transition probabilities for the Higgs and the other
excited modes (see Extended Data Fig. 3). The loca-
tions of the respective excitations in the spectrum remain
unaffected. The qualitative result that a modulation of
interaction strength leads to an increased transition ma-
trix element of the Higgs mode is consistent with the
few-body calculation by Bjerlin et al. [9]. Consequently,
fz-modulation has been applied for all the data shown in
the main text, except for the spectra taken at EB = 0.
8Anisotropy and Anharmonicity The small size
of our OT results in a finite anharmonicity of the trap-
ping potential. The transition frequency from the lowest
shell two shells up is ∼ 10% larger than the transition
frequency from the second shell to the fourth shell. The
anharmonicity extracted from the noninteracting spectra
matches our expectation due to the finite size of the opti-
cal tweezer. Its waist of ∼ 5µm is of the same magnitude
as the harmonic oscillator length lho =
√
~/ωm ≈ 1.3µm
and the atoms probe the non-harmonic parts of the
trap. In addition, the trap shows a slight anisotropy
(ωx − ωy) / (ωx + ωy) of approximately 2 %. These cor-
rections should not affect the qualitative behaviour of the
measured spectra for the interacting system. However,
they might quantitatively change the coupling strengths
to the different modes and the exact shape of the Higgs
mode. We neglect the influence of the anharmonicity
for calculating the binding energy. A comparison of the
calculated and measured excitation energies for two par-
ticles shown in Extended Data Fig. 2, confirms that this
is only a small effect, as expected.
Numerical Modeling We model the experiment us-
ing a trapping potential of the form
V = V2D(x, y) +
1
2
mω2zz
2. (1)
Here, V2D describes the potential in the xy-plane, which
is provided by the Gaussian profile of the OT so that
V2D(x, y) =
A
2
~ωr · [1− e−(γx
2+ y
2
γ )/(l
2
hoA)], (2)
with the (lowest order) harmonic trapping frequency ωr.
The parameter γ controls the ratio of the trap frequencies
in the x- and y-directions and hence the anisotropy. The
parameter A is the depth of the trap (in units of ~ωr)
and determines the anharmonicity.
Pure contact interactions in 3D are represented by a
term g3Dδ(rk−rl). We assume ωz  ωr so that that the
fermions reside in the lowest harmonic oscillator state
along the z-direction. Consequentially, the z-direction
can be integrated out yielding a quasi-2D model with an
effective coupling strength g˜ [8]. We end up with the
effective 2D N -particle Hamiltonian
Hˆ2D =
N∑
i=1
[
−~2
2m
∇2i + V2D(ri)] + g˜
∑
kl
δ (rk − rl) , (3)
where ri = (xi, yi) is the coordinate of particle i, ∇2i =
∂2xi + ∂
2
yi , and k and l denote fermions in the two differ-
ent hyperfine (pseudo spin) states. Only fermions with
different spin interact for a contact potential.
We solve the Hamiltonian numerically by using a
single-particle basis of 2D isotropic harmonic oscillator
states |m,n〉 with energies (2n + |m| + 1)~ωr. They are
determined by principal and angular momentum quan-
tum numbers n = 0, 1, 2... and m = 0,±1,±2... respec-
tively. Following Ref. [9], we employ a two-parameter
cutoff scheme in which we define a single-particle sub-
space by the highest allowed total single-particle energy
Ecutsp , and then define the relevant many-body subspace
in terms of the maximum many-body energy.
For circular symmetry (γ = 1) the many-body eigen-
states split into subspaces with different total angular
momentum Lz. In this case, it is sufficient to consider
the Lz = 0 subspace only, since a modulation of the trap-
ping frequency ωz does not impart angular momentum
onto the ground state. However, the experimental trap
is slightly anisotropic (γ ≈ 0.99) and as a result a finite
coupling between subspaces with different Lz has to be
considered. In order to accelerate the convergence of our
calculations for an approximately circular trap, we ne-
glect negative angular momentum states in our basis and
include a subspace of total angular momenta Lz = 0, ~
and 2~ only. This enables us to use a higher energy cutoff
by exploiting the (approximate) symmetry between the
positive and negative Lz states.
Care has to be taken when treating the δ(r)-interaction
in Eq. (3), which causes an ultraviolet divergence. This
divergence can be regularized by expressing the coupling
constant g˜ and the cut-off in terms of the two-body bind-
ing energy EB [9, 24]. The parameters of the 2D poten-
tial (Eq. 2) used in the numerical calculations are ob-
tained by comparing to the lowest monopole excitation
observed experimentally with six noninteracting parti-
cles. This yields γ ≈ 0.99 and A = 20 for the anisotropy
and anharmonicity respectively.
The combination of a slightly broken circular sym-
metry with the high degree of collectivity when passing
through a few-body precursor of a quantum critical point,
makes the modelling by a full numerical diagonalization
of the many-particle Hamiltonian a highly non-trivial
task. The complexity of configuration-interaction diag-
onalization methods often makes it challenging to reach
full convergence in terms of the used basis set, which we
also found to be the case in our present simulations. We
employed a parallel full diagonalization using implicitly
restarted Arnoldi routines for sparse matrices of bases
with up to ∼ 10 million states. Trends going towards
larger numbers of basis states were carefully analyzed.
In this way, we were able to reach consistent results for
the N = 6 particle system, whereas reasonably converged
numerical calculations for a N = 12 particle system in a
realistic trap are currently beyond our reach. We empha-
sise, however, that the qualitative features of the spectra
including the presence of three Higgs-like modes with a
non-monotonic behaviour are reassuringly robust with in-
creasing basis set. In general, we found that the essential
features of the Higgs modes, such as the minimum in en-
ergy and the strong coupling via interaction modulation,
9become more pronounced with increasing basis set size.
Comparing Experimental and Numerical Spec-
tra Extended Data Fig. 6 (a) shows the calculated as
well as experimentally observed spectrum for the N = 6
particle system, with A = 20 and γ = 0.99. The numer-
ical calculcation includes states up to Ecutsp = 10~ωr and
up to a many-body energy of 28~ωr. We see that there
is reasonable agreement between theory and experiment
and that all qualitative features in the spectrum are re-
covered by the calculations. In particular, the existence
of two non-monotonic Higgs branches is confirmed by the
calculations.
The lowest branch connects smoothly to the Lz = 0
Higgs mode for the isotropic case, whereas the two higher
modes connect smoothly to the Lz = ±2~ Higgs modes
when the anisotropy goes to to zero (γ = 1). The lat-
ter modes have a higher energy because they describe
Cooper pairing with finite angular momentum, and are
almost degenerate due to the small anisotropy. Since
our numerics only include positive angular momentum
states, only one of the Lz = ±2~ Higgs modes is visi-
ble in the calculated spectrum. In the experimental data
they appear as a single resonance due to the small energy
splitting for small anisotropy.
Extended Data Fig. 6 (b) shows the spectrum weighted
with the matrix element
ΓEint = |〈G|
∑
k,l
δ(rk − rl)|E〉|2, (4)
which gives the coupling between the ground |G〉 and
excited state |E〉 when the interaction strength is mod-
ulated in the experiment. The slight breaking of the
circular symmetry leads to the coupling of the ground
state to all three Higgs modes. This plot also highlights
why the manifold of states around the energy ∼ ~ωr is
not observed experimentally: These states correspond to
exciting one fermion one shell up, which changes the an-
gular momentum by ±~. The trap anisotropy leads to
quadrupole excitations solely, where the angular momen-
tum changes by ∆Lz = ±2~. As a result, these modes
are not visible in the experimental spectrum.
Limitations of the Model We note that the agree-
ment between the theoretical and experimental spectra
becomes worse in the region where the binding energy
is significantly larger than the critical binding energy.
There are two main reasons that explain this behaviour.
First, this region corresponds to the few-body precur-
sor of the BEC regime of dimers and the large binding
energy requires a cut-off beyond what is numerically fea-
sible. Second, the modelled potential only approximates
the actual experimental confinement. The fitting of the
potential parameters is only performed for a small set of
experimental values, all within the lowest few harmonic
shells. This allows for a qualitative simulation of the low-
lying excitation spectra observed in the few-body exper-
iments but we did not perform a systematic fit including
all observed modes. The reason is that the experimental
trap is not precisely described by Eq. (2). There are de-
viations away from the Gaussian profile especially close
to the continuum. More importantly, the experimental
aspect ratio ωz/ωr ' 6.8 implies that 3D effects become
important at higher energies. These effects are not in-
cluded in our model making a more quantitative fitting
procedure less meaningful.
In conclusion, the agreement between the numerical
calculations and the experiment confirms the physical in-
terpretation of the data. In particular, we are indeed ob-
serving a few-body precursor of a quantum phase transi-
tion with the associated emergence of a Higgs mode. We
note that obtaining an even better quantitative agree-
ment requires a more accurate determination of the shape
of the trap, inclusion of 3D physics for higher energies,
and the use of substantially larger computer resources.
All qualitative features of the low energy spectrum, how-
ever, were found to be insensitive towards these effects.
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Extended Data Figure 1. Experimental protocol. The
sequence can be separated into three parts. First, several
evaporation and spilling stages are combined with a transfer
from a quasi-1D to a quasi-2D trap geometry. This is needed
to prepare closed-shell ground state configurations of up to 12
atoms. Next, we excite the system at some defined frequency
fex and magnetic offset field B using a sinusoidal modulation
of either the radial or axial confinement. Detection is imple-
mented by spilling to the ground state a second time and a
transfer of all remaining atoms to the MOT where we count
their number.
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Extended Data Figure 2. Excitation spectrum for two
particles. We define the two-body excitation energy Eexc as
the energy difference between the ground state and the lowest
monopole excitation of the two atom system. It is measured
using the same modulation scheme as for the Higgs mode. The
system is initialized with one filled shell, i.e. two particles.
The analytical solution of the two-body problem (solid line)
shows good agreement with the measurement (blue points).
Error bars are extracted from the fit to the spectrum and are
smaller than the data points.
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Extended Data Figure 3. Comparison of different mod-
ulation schemes. Modulating the trap frequency in ra-
dial direction fr leads to higher transition probabilities for
the higher excited states (top) compared with modulation of
the axial confinement fz(bottom). Modulating the axial con-
finement effectively only modulates the interaction strength,
which couples predominantly to the pair excitation mode.
The data is taken for EB = 0.09hfr. For this measurement
the radial trap frequency was 2fr = 1660 Hz. Error bars show
the standard error of the mean.
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Extended Data Figure 4. Probabilities of different atom numbers remaining in the lowest 2 shells for the N = 6
initial state. The different panels a-f show the probabilities for different remaining atom numbers after modulating the 6 atom
ground state with a defined frequency given on the y axis and subsequent removal of excited atoms. All possible excitations
manifest themselves by a reduced probability of remaining in the ground state of 6 atoms (a). We find that the lowest excitation,
or Higgs mode, mostly consists of excitations to four atoms (c), while the higher excited peaks are predominately generated by
the loss of a single atom (b).
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Extended Data Figure 5. Probabilities of different atom numbers remaining in the lowest 3 shells for the N = 12
initial state. The different panels a-f show the probabilities for different remaining atom numbers after modulating the 12 atom
ground state with a defined frequency given on the y axis and subsequent removal of excited atoms. All possible excitations
manifest themselves by a reduced probability of remaining in the ground state of 12 atoms (a). We find that lowest excitation,
or Higgs mode, mainly consists of excitations to ten atoms (c), while the higher excited peaks are predominately generated by
the loss of even more atoms (d-f).
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Extended Data Figure 6. Numerically calculated excitation spectrum for 6 particles. Panel (a) shows the level
spectrum obtained by exact diagonalisation with parameters A = 20 and γ = 0.99 for the potential as well as the experimental
results. The calculation includes states up to Ecutsp = 10~ωr and up to a many-body energy of 28~ωr. For comparison the
experimental data is shown by green diamonds. Values and errors bars are obtained as in Fig. 3 c. In (b) the numerically
calculated excitation spectrum for a modulation of the interaction strength is shown. As in the experiment we observe that
this modulation couples to two non-monotonous modes. Note that the calculations performed for (b) employ a smaller cut-off
than in (a) due to the computational demand in calculating the matrix element (Eq. 4).
